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ABSTRACT 
A computer program was developed t o  determine optimal self-acting 
herringbone Journal bearings f o r  maximum radial load capacity. Design 
curves enable one to  find t h e  optimal heeringbone journal bearing for  a 
wide range of operating conditions. These range from incompressible 
Lubrication t o  a highly compressible condition, f o r  e i t h e r  smooth o r  
groove members rotat ing,  and f o r  l eng th  t o  diameter ratios of 
L/2 ,  1, and 2. The analysis i s  val id  f o r  small displacements of the 
journal center from the fixed bearing center, and f o r  a large number of 
grooves. 
1/4, 
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SUMMARY 
A computer program was developed to determine the optimal herringbone 
journal for maximum radial load capacity. The design curves shown in this 
report enable one to find the optimal herringbone journal bearing for a 
wide range of operating conditions, These include: 
1. Incompressibly lubricated to highly compressible condition 
2. Smooth or grooved member rotating 
3. Length to diameter ratios of 1/4, 1/2, 1, and 2. 
The analysis is valid for small displacements of the journal center from 
the fixed bearing center, and for a large number of grooves, 
Some of the findings of the work presented in this report are: 
1. For length to diameter ratios of one and two, and small dimen- 
sionless bearing numbers a plain journal bearing has a greater radial 
load capacity than any herringbone configuration. However, for the 
limiting case of incompressible lubrication the plain journal is not 
optimal but the herringbone journal is. 
2 ,  For sh+ 0, the incompressible case, the optimal configuration 
is the same whether the smooth or grooved member is rotating. However, as 
the bearing number increases the optimal configuration differs appreciably 
depending on whether the smooth or groove member is rotating. 
3 +  At high bearing numbers the radial load capacity is appreciably 
higher f o r  the ease when the smooth member is rotating. 
-3 - 
INTRODUCTION 
More than  any o t h e r  f a c t o r ,  s e l f - e x c i t e d  w h i r l  i n s t a b i l i t y  and low 
load  capac i ty  l i m i t  t h e  use fu lness  of gas  l u b r i c a t e d  s e l f - a c t i n g  j o u r n a l  
bea r ings ,  The wh i r l  problem i s  t h e  tendency of t h e  jou rna l  c e n t e r  t o  
o r b i t  t h e  bea r ing  c e n t e r  a t  an  angular  speed less than  or equal  t o  h a l f  
t h a t  o f  t h e  jou rna l  about i t s  own cen te r .  I n  many cases  t h e  wh i r l  ampli-  
t ude  i s  l a r g e  enough t o  cause d e s t r u c t i v e  con tac t  with t h e  bear ing  su r faces .  
The low l o a d  capac i ty  of  s e l f - a c t i n g  gas  l u b r i c a t e d  j o u r n a l  bea r ings  
i s  a l s o  a ser ious  concern i n  many a p p l i c a t i o n s .  Unlike l i q u i d  l u b r i c a n t s ,  
a gaseous l u b r i c a n t  changes i t s  d e n s i t y  as it passes  through t h e  bear ing .  
This  so -ca l l ed  compress ib i l i t y  e f f e c t  r e s u l t s  i n  a " te rmina l"  load condi t ion .  
That i s ,  t h e  l o a d  capac i ty  does not  i n c r e a s e  i n d e f i n i t e l y  wi th  speed, b u t  
qu ick ly  approaches a f i x e d  va lue .  
I n  ques t  of a bear ing  which would overcome t h e  two problems of se l f -  
excited w h i r l  i n s t a b i l i t y  and low l o a d  capac i ty ,  Vohr and Chow (1) 
t h e o r e t i c a l l y  i n v e s t i g a t e d  a herr ingbone grooved jou rna l  bear ing .  They 
obta ined  a s o l u t i o n  f o r  bear ing  load  capac i ty  v a l i d  f o r  small displacements  
of t h e  j o u r n a l  c e n t e r  from t h e  bear ing  cen te r .  An a d d i t i o n a l  assumption 
w a s  t h a t  t h e  number of grooves was l a r g e  enough t h a t  l o c a l  p re s su re  v a r i a t i o n s  
ac ross  a groove-ridge p a i r  would be ignored ,  One of t h e  conclusions obta ined  
from t h e  Vohr and Chow a n a l y s i s  is  t h a t  i n  c o n t r a s t  t o  a p l a i n  bea r ing  t h e  
load  capac i ty  of a herr ingbone grooved jou rna l  bea r ing  cont inues  t o  inc rease  
with i n c r e a s e  i n  speed,  Furthermore t h e  herr ingbone grooved j o u r n a l  bea r ing  
may n o t  s u f f e r  from t h e  s e l f - e x c i t e d  wh i r l  i n s t a b i l i t y  t h a t  i s  normally 
a s s o c i a t e d  with unloaded p l a i n  bear ings .  
(3) and (4) exper imenta l ly  verified t h e  above conclusion of Vohr and Chow, 
Malanowski (2 ) and Cunningham e t  a l .  
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Therefore, it has been shown that the self-acting herringbone 
journal bearing has highly desirable characteristics, namely that of 
high load capacity and that of operating in a whirl free condition. A 
remaining problem which is not in the literature is that of obtaining 
optimal herringbone journal bearing configurations for a wide range of 
bearing operating conditions. Therefore, the objective of the present 
report is to develop an optimization program, utilizing the analysis of 
Vohr and Chow (1) to determine groove configurations to maximize radial 
load capacity. Results are to be applicable for operating conditions 
ranging from an incompressible solution to a highly compressible solutian, 
and for bearing length-diameter ratios of 1/4 to 2. 
SYMBOLS 
b = width of groove 
b2 = width of ridge 
1 
C2, C4, C7 = dimensionless coefficients in differential equation of 
Vohr and Chow analysis (1) 
D = diameter of journal 
e = eccentricity of journal 
f = radial load capacity of herringbone journal bearing r 
f = radial load capacity of plain journal bearing r 
F =  
- 
= dimensionless radial load capacity of herringbone fr 
paLD journal bearing 
L r - 
= dimensionless radial load capacity of plain journal - 
Fr EpaLD 
bearing 
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h10 = 
h20 - 
- 
H =  
L =  
0 
L1 = 
'a - 
N =  
- 
R =  
U G  
w =  
w =  D 
w =  R 
w =  
w =  D 
- 
'R - 
Q ( =  
P =  
% =  
- 
e =  
film thickness in groove region when journgl is concentric 
film thickness in ridge region when jaulrnal is concentric 
h10 
h20 
-= film thickness ratio 
length of journal 
total axial length of groove 
number of grooves 
ambient pressure 
radius of journal 
velocity 
total load capacity of herringbone journgl bearing 
total loqd capacity of plain incompressibly lubricated journgl 
bearing obtained from Donaldson (6) 
total load capacity of plain compressibly lubricated journal 
bearing obtained from Raimondi (7) 
- = dimensionless load capacity of herringbone journal W 
€ PaLD 
f PaLD 
bearing 
D W -= dimensionless load capacity of plain incQmpressibly 
lubricated journal bearing 
= dimensionless load capacity of plain compressibly wR e PaLD 
lubricated journczl bearing 
= groove width ratio bl b + b2 
groove angle 
- = groove length ratio L 
e - = eccentricity ratio 
1 
L1 
h20 
- angular coordinate 
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A =  = l e n g t h  t o  diameter  r a t i o  
a= e = dimensionless  bear ing  number 2 
Pah20 
= v i s c o s i t y  of f l u i d  
e= -1 grooves member r o t a t i n g  
c= 1 smooth member r o t a t i n g  
BEARING DESCRIPTION 
Figure  1 shows t h e  bear ing  t o  be s tud ied .  
angled,  shal low grooves i n  t h e  jou rna l  su r f ace .  The grooves can be 
p a r t i a l  as shown or extend t h e  complete l eng th  of  t h e  bear ing .  
t h e  grooves can occur  i n  t h e  r o t a t i n g  or non-ro ta t ing  s u r f a c e s .  The 
purpose of  t h e s e  grooves i s  t o  pump f l u i d  toward t h e  c e n t e r  of t h e  bear ing  
thereby  inc reas ing  t h e  l u b r i c a n t  p re s su re  i n  t h e  bear ing .  Load i s  d i r e c t l y  
r e l a t e d  t o  t h e  p re s su re  d i s t r i b u t i o n .  This  self' p r e s s u r i z a t i o n  can i n c r e a s e  
t h e  load  capac i ty  over  t h a t  o f  a smooth bear ing .  The bear ing  shown i n  
Note t h a t  t h e  bea r ing  has 
A l s o ,  
Figure  1 i s  u n i - d i r e c t i o n a l  (e.g. ,  it pumps inwardly for only  one 
d i r e c t i o n  of r o t a t i o n ) .  
h10 From Figure  1 t h e  groove reg ion  i s  where t h e  f i l m  t h i ckness  i s  
and t h e  r i d g e  reg ion  i s  where t h e  f i l m  t h i ckness  i s  
groove width i s  de f ined  as bl and t h e  r i d g e  width i s  defined as b2. 
The a n a l y s i s  of re ference  (1) i n d i c a t e s  t h a t  t h e  groove parameters t o  
be optimized are: 
h20e Also, t h e  
1. The f i l m  t h i ckness  r a t i o  (Bo) which is  equal  t o  t h e  f i l m  t h i ckness  
i n  t h e  groove reg ion  d iv ided  by t h e  f i l m  t h i ckness  i n  t h e  r i d g e  reg ion  
when t h e  bea r ing  i s  concen t r i c  (H 
0 = h 1 d h 2 0 )  
2 ,  The groove width r a t i o  ( ac) which i s  equal  t o  t h e  width of t h e  
groove reg ion  d iv ided  by t h e  width of t h e  groove-ridge p a i r  o( = b / bl ( 1 ( +b 1) 
3 .  
4. 
The groove angle  ( (3) 
The groove l eng th  r a t i o  ( 'd' ) which is  equal  t o  t h e  l eng th  covered 
by grooves d iv ided  by t h e  o v e r a l l  l eng th  of the  bear ing  ( = Ll/L) 
I n  F igu re  1 t h e  number of grooves i s  s i x .  However, t h e  Uohr and 
Chow a n a l y s i s  (1) assumes e s s e n t i a l l y  an i n f i n i t e  number of grooves. 
Reference (5 )  developes t h e  fol lowing c r i t e r i o n  f o r  minimum number of 
grooves such that t h e  i n f i n i t e  groove a n a l y s i s  y i e l d s  v a l i d  r e s u l t s  
The 
8.0 
can 
A -< 
where N = number of grooves 
A= ~w = dimensionless bear ing  number 
pah20 
numerical value of t he  r i g h t  s i d e  of 1 is t y p i c a l l y  between 5.5 and 
Therefore ,  t h e  minimum number of grooves placed around t h e  jou rna l  
[ I  
be represented  conserva t ive ly  by 
bl 
c21 
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VERIFICATION OF EQUATIONS 
A digital computer program was written to solve the equations 
presented in reference (1). 
capacity for incompressible lubrication are identical to the compressible 
The equations for the dimensionless load 
equations with the exception that the dimensionless coefficients C*’ C4’ 
and C 
sionless load capacity where found to be a function of the groove 
parameters Ho, O ( ,  (3 and 8 discussed in the Bearing Description section 
as well as the following bearing operating parameters: 
in reference (1) are equal to zero. The equations for the dimen- 7 
1. A = = dimensionless ratio 
Pah20 
L 
D 2 .  = - = length to diameter ratio 
3 .  0- = -1 smooth member rotating 
CT = 1 grooved member rotating 
It should be recalled that perturbation on the eccentricity was 
assumed, thereby restricting the results to small eccentricity ratios. 
Table I shows that the equations developed are indeed valid. The 
table compares the dimensionless load capacity of a plain journal with 
that of a herringbone journal bearing when it is made to approach a plain 
journal bearing. That is the table shows the following: 
Ho 3 1 
Herringbone Journal when { 5 Plain Journal Bearing 
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Table I uses  p l a i n  jou rna l  bear ing  r e s u l t s  from Donaldson (6) f o r  t h e  
incompressible  r e s u l t s  and Raimondi (7) f o r  t h e  compressible r e s u l t s .  
These r e s u l t s  are f o r  an e c c e n t r i c i t y  r a t i o  of 0.1. From Table I it i s  
seen t h a t  t h e  herr ingbone bea r ing  loads  when H d 1 and b( -3 
are wi th in  3 perdent  t h e  p l a i n  jou rna l  bear ing  r e s u l t s .  
4 a(\ 3 0 
0 
Table I also shows t h a t  f o r  incompressible  l u b r i c a t i o n  t h e  dimension- 
less l o a d  inc reases  6.8 t i m e s  as t h e  l eng th  t o  diameter r a t i o  change6 
from 0.5 t o  2.0. For t h e  compressible case  of A= 6 
load  inc reases  only 2 . 1  times over t h i s  range. This  impl ies  t h a t  side 
leakage  i s  much g r e a t e r  i n  incompressible  l u b r i c a t i o n ,  
t h e  dimensionless  
OPTIMIZING PROCEDURE 
The problem as def ined  i n  t h e  In t roduc t ion  i s  t o  f i n d  t h e  opt imal  
herr ingbone jou rna l  bear ing  f o r  maximum r a d i a l  l o a d  capac i ty  f o r  var ious  
bea r ing  parameters.  
d i r e c t i o n  of j ou rna l  displacelqent of t h e  t o t a l  l oad  capac i ty . )  
f o r e ,  t h e  b a s i c  problem i s  t o  opt imize t h e  f i l m  t h i ckness  r a t i o  
t h e  groove width r a t i o  , t h e  groove ang le  (3 , and t h e  groove l eng th  
r a t i o  8 for maximum r a d i a l  l oad  Fr 
number A ,  l eng th  t o  diameter  r a t i o  ), , and whether t h e  grooved o r  
smooth member i s  r o t a t i n g ,  Mathematically t h i s  i s  expressed as: 
(The radial load  capac i ty  i s  t h e  component i n  t h e  
There- 
H O )  
given i n  dimensionless  bea r ing  
GIVEN: A , , and 
FIND : Hoj Q( , 13, and which s a t i s f y  t h e  fol lowing:  
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The method used is the Newton-Raphson method of solving simultaneous 
equations. This method is described in Scarborough (8); it was previously 
used in optimizing the step thrust bearing (9). 
DISCUSSION OF RESULTS 
Tables I1 and I11 give optimal herringbone parameters (H % , fi 0’ 
8 )  for maximum radial load capacity (F,), 
tables is that Table I1 the grooved member is rotating (CT = -1) and in 
Table I11 the smooth member is rotating ( b = 1). 
wide range of bearing parameters; fram incompressible lubrication (A+ 0) 
The difference between these 
The tables cover a 
a highly compressible situation (A= 160) as well as for length to 
diameter ratios of 1/4, 1/2, 1, and 2. The tables also contain the radial 
load 
- 
Fr * capacity of a plain journal bearing 
The following general observations can be made from Tables I1 and I X 1 :  
1. For length to diameter ratios ( A )  of two and dimensionless 
bearing number (4 of one the optimal configuration is a plain journal 
bearing. 
2. At high values of dimensionless bearing numbers (a the radial 
load capacity of an optimal herringbone journal bearing is considerably 
higher than that of a plain journal bearing. 
3. For incompressible lubrication the results are exactly the same 
whether the smooth or grooved member is rotating, 
4. As the dimensionless bearing number (A) increases the optimal 
configuration differs appreciably depending on whether the smooth or groove 
member is rotating. 
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5. For  = 1/4 t h e r e  i s  l i t t l e  change i n  opt imal  conf igura t ion  
over  t h e  complete range of bear ing  number. However, f o r  = 2 t h e r e  
i s  cons iderable  change i n  t h e  optimal conf igura t ion .  
F igures  2 through 6 are d i r e c t l y  obtained from d a t a  presented  i n  
Tables I1 and 111. I n  t h e  "a" p a r t  of each f i g u r e  t h e  grooved member 
i s  assumed t o  be r o t a t i n g  (b" = -1); i n  t h e  "b" p a r t  of each f i g u r e  t h e  
smooth member i s  assumed t o  be r o t a t i n g  (6 = 1). 
show t h e  e f f e c t  of &on opt imal  conf igu ra t ion  parameters f o r  A = 1/4, 
1/2, 1, and 2. 
and A = 2 and small dimensionless  bear ing  number t h e  r e s u l t s  change 
r a p i d l y  and t end  toward a p l a i n  bea r ing  as opt imal .  However, it should 
be poin ted  out  t h a t  f o r  t h e  l i m i t i n g  case  of 
l u b r i c a t i o n ,  t h e  p l a i n  bear ing  i s  no t  opt imal  b u t  t h e  herringbone configu- 
r a t i o n  i s  as shown i n  Tables I1 and 111. For  some cases  i n  t h e  low 
dimensionless  bea r ing  number range ( A <  24), a d d i t i o n a l  d a t a  o t h e r  
t han  t h a  shown i n  Tables I1 and I11 had t o  be obta ined  t o  produce t h e  
curves of F igures  2 through 6. 
F igures  2 through 5 
I n  a l l  t h e s e  f i g u r e s  it i s  observed t h a t  f o r  = 1 
3 0, incompressible  
F igu re  6 shows t h e  effect  of &on dimensionless  r a d i a l  l oad  capac i ty  
of an opt imal  herr ingbone jou rna l  bear ing f o r  l eng th  t o  diameter  r a t i o s  
of 1/4, 1/2, 1, and 2 .  
capac i ty  inc reases  wi th  $\, and does not  approach any f ixed  va lue  as i s  
t h e  case  f o r  a p l a i n  jou rna l  bear ing .  It i s  seen from Figures  6(a) and 
6 (b )  t h a t  t h e  dimensionless  r a d i a l  l o a d  capac i ty  i s  apprec iab ly  h igher  
for t h e  case when t h e  smooth member is r o t a t i n g  ( 
It i s  observed t h a t  t h e  dimensionless r a d i a l  l oad  
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CONCLUDING REMARKS 
A computer program was developed to determine optimal self-acting 
herringbone journal bearings for maximum radial load capacity. The 
design curves shown in the report enable one to find th ptimal herring- 
bone journal bearing for a wide range of operating conditions. These 
range from incompressible lubrication to a highly compressible condition, 
for either smooth or groove members rotating, and for length to diameter 
ratios of 1/4, 1/2, 1, and 2. The analysis is valid for small displace- 
ment of the journal center from the bearing center, and for a large number 
of grooves. 
+ 
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Figure 1. - Schematic of a concentric herringbone journal bearing. 
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Figure 2(b). .Effect of dimensionless bealring number on optimal film thickness ratio for various length to diameter 
ratios when the smooth member is rotating. 
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Figure 3(a). - Effect of dimensionless bearing number on optimal groove width ratio for various length to diameter 
ratios when the grooved member i s  rotating. 
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Figure 3(b). -Effect of dimensionless bearing number on optimal groove width ratio for various length to diameter 
ratios when the smooth member is rotating. 
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Figure 4b). - Effect of dimensionless bearing number on optimal groove length ratio for various length to diameter 
ratios when the smooth member is rotating. 
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Figure 5(a). - Effect of dimensionless bearing number on optimal groove angle fo r  various length to diameter ratios 
when the grooved member i s  rotating. 
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Figure 5(b). - Effect of dimensionless bearing number on optimal groove angle for  various length to diameter ratios 
when the  smooth member is rotating. 
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